Recent modeling of thermal nonequilibrium processes in simple molecules like hydrogen and nitrogen has indicated that rotational nonequilibrium becomes as important as vibrational nonequilibrium at high temperature. In this study, to analyze rotational nonequilibrium, the rotational mode is separated from the translational-rotational mode that is usually considered in two-temperature models. Then, the translational, rotational, and electron-electronic-vibrational modes are considered separately in describing the thermochemical nonequilibrium behind a strong normal shock wave. The energy transfer for each energy mode is described by recently evaluated relaxation time parameters including rotation-to-vibration energy transitions and state-to-state kinetics. One-dimensional post-normal shock flow equations are constructed with these thermochemical models, and post-normal shock flow calculations are performed for the conditions of existing shocktube experiments and various re-entry points. In analyzing the shock-tube experiments, it is shown that the present thermochemcial model is able to describe the rotational and electron-electronic-vibrational relaxation processes behind a strong shock wave.
from the NASA database. 11, 12 In this work, rotational nonequilibrium is clearly observed. Especially at temperatures above 30,000K, the relaxation rate of the rotational mode is almost identical to that of the vibrational mode.
In the present work, a thermochemical nonequilibrium model including rotational nonequilibrium is proposed. In treating the rotational nonequilibrium, the rotational mode is separated from the translationalrotational mode of the previous two-temperature model. The other energies, such as electron translation, electronic excitation, and vibrational energies are treated as one, combined mode, the electron-electronicvibrational energy mode. Then, the translational, rotational, and electron-electronic-vibrational modes are employed to describe the thermochemical nonequilibrium behind a strong normal shock wave. The energy transfer for each energy mode is described by recently evaluated relaxation time parameters including rotation-to-vibration energy transitions and state-to-state kinetics. One-dimensional post-normal shock flow equations are constructed with these thermochemical models, and post-normal shock flow calculations are performed for the existing shock-tube experiments and various re-entry conditions.
II. Thermochemical model including rotational nonequilibrium

A. 1-D flow equation
In this study, 22 electronic levels for the N atom, 15 levels for N + , 6 levels for N 2 , and 5 levels for N + 2 are taken into account. The rovibrational energies for each electronic state are calculated from the Dunham expansion model. The spectral data for this model are obtained from the NIST database. However, the rovibrational energies of ground state N 2 (X 1 Σ + g ) are treated exactly. 11, 12 This results in 9,390 rovibrational states, that include both truly bound and quasi-bound states. The post-normal shock flow field is described by a one-dimensional flow assumption. Then the mass, momentum, and energy conservation equations in the steady-state flow conditions are derived as
where pressure and enthalpy are defined as
respectively.
B. Chemical reaction model
The chemical reactions of heavy particle and electron impact dissociation(ω D1 − ω D5 ), predissociation(ω D6 ), electron impact ionization(ω EI ), associative ionization(ω AI ), charge exchange reaction(ω CE ), and radiative recombination(ω RR ) for 5 species are considered in the present work. Except for the dissociation reaction N 2 +N and the predissociation of N 2 , all chemical reactions are treated by Arrhenious-type rate coefficients. The Arrhenious reaction rate is defined as
The backward reaction rate is evaluated from the equilibrium constant: The reaction rate parameters C, n, and θ are obtained from Park's work, 13 and these parameters are tabulated in Table 1 . In the present work, rotational nonequilibrium is not considered in these Arrhenious-type chemical reactions. This is because there does not exist a model to describe the rotational nonequilibrium effect in these chemical reactions. However, in the dissociation of N 2 +N and the predissociation of N 2 , the rotational and vibrational nonequilibrium effects are fully considered by coupling the system of master equations. These dissociation and predissociation processes are evaluated by using the following equations;
where index i is the rovibrational state of ground state N 2 . The state-to-state transition rates for bound-free transitions K(i, c) and predissociation K p (i, c) are obtained from the NASA database. 11, 12 Then, the species conservation equations for the 4 heavy species are constructed as
C. Internal Energy Exchange Models
In describing the thermochemical nonequilibrium of N, N 2 , N + , N + 2 , and e−, three pools of energy are considered consisting of the translational, rotational, and electron-electronic-vibrational energies modes. The energy transfer among these energy modes is calculated by Landau-Teller type equations. However, the rotational and vibrational energy transfer for N 2 +N is calculated by coupling the full master equations. Then, the rotational and electron-electronic-vibrational relaxations including the energy loss and gain due to chemical reactions are evaluated by using the following equations; 
In the present work, the electron-rotational energy transitions are described by the model proposed by Nishida and Matsumoto, 14 and the coefficient g r,s is set to a constant of 10.0 for neutral and charged species. In electron-translation transitions, the collision frequency v s is calculated by the following equation as
where the effective cross section σ e,s for neutral species is obtained from a curve-fit value proposed by Gnoffo et al. 15 For charged species, the effective cross sections with the Debye cut-off approximation 1 are adopted in the present work.
In describing the rotation-to-vibration transitions, Park's model 16 is adopted with some modifications. In Park's model, the fractional contribution of the rotation-to-vibration energy transfer to the total energy transfer is set to a constant of 0.4 and this value is derived from f RV = kT /(kT + 1.5kT ). In the present work, unlike Park's model, the fractional contribution f RV for species s is determined by
where ξ r,s and ξ v,s are the numbers of degrees of freedom of the rotational and vibrational modes, respectively. In the energy loss and gain due to chemical reactions, the normalized energy loss ratios, Ψ r and Ψ v , are set to constants of 0.35 and 0. diffusion correction factor 1 f D in vibration-to-translation transfer is defined as
where s is an arbitrary parameter given as 3.5 × exp(−5, 000/T s ) for N 2 and N + 2 . T s and T vs are the translational and electron-electronic vibrational temperatures immediately behind the shock wave. In Eqs. (15) and (16) , the unknown variable is the rovibrational concentration γ i . Unfortunately, we cannot directly calculate γ i from the state-to-state kinetics, because of the lack of knowledge about the state-to-state transition rates for N 2 +N 2 . In the present work, this rovibrational concentration γ i is determined from the Boltzmann distribution according to the nonequilibrium temperatures as follows;
In Fig. 1 , the rotational and vibrational relaxation parameters for N+N 2 and N 2 +N 2 are compared. In the rotational relaxations for N 2 +N 2 , the relaxation time τ r was evaluated theoretically by Parker 17 using the rigid-rotor assumption. This relaxation time is much faster than the relaxation time proposed by Park 16 that was obtained from the existing state-to-state rotational transition rates using the expression by Rahn and Palmer. 18 In the present work, the relaxation time by Park is adopted to calculate the rotation-totranslation energy transition for molecule-molecule collisions. The rotational relaxation time parameter by Park is derived as pτ r = 2.47 × 10 
where n t and m r are the total number density of colliding particles and the average mass of the mixture, respectively. In Eq. 21 However, the vibrational relaxation time with the collision limiting cross section of 3.0 × 10 −17 cm 2 is much faster than that of Park's rotational relaxation model 16 above 10,000 K. In the previous master equation studies for H 2 6 and N+N 2 , 10 it was observed that the vibrational and rotational relaxation times become identical when the temperature increases. In the work by Kim and Boyd, 10 the collision limiting cross section σ v was modified to a constant of 3.0 × 10 −18 cm 2 to satisfy these relaxation patterns. This cross section was determined through comparisons with the shock-tube data of the Millikan and White 19 and Appleton. 20 In the present work, these Millikan-White relaxation parameters with the modified collision limiting cross sections are adopted in describing the vibration-to-translation energy transitions for moleculemolecule collisions. In vibration-to-translation energy transitions for molecule-atom collisions, the vibrational relaxation time evaluated from the master equation calculations 10 for N 2 +N is adopted.
III. Post-normal shock flow calculations
A one-dimensional post-normal shock flow code is developed by using the present thermochemical nonequilibrium model including rotational nonequilibrium. The flow code is constructed in two parts; in the first part, the downstream conditions are determined by using the Rankine-Hugoniot relations for a frozen flow. In the second part, the thermochemical nonequilibrium flows are calculated by an implicit integration method. In the present work, the post-normal shock flow analyses are carried out for existing shock-tube experiments and various re-entry conditions by using this post-normal shock flow code.
In Fig. 2 , comparisons of the computed rotational and electron-electronic vibrational temperatures and species mole-fractions with the shock-tube experiments by Sharma and Gillespie 7 and AVCO 21 are presented. In the 1-D post-normal shock calculations, the ambient pressure is set to 1.0 T orr and the shock velocity is 6.2 km/sec. The free-stream temperature is 300 K. In this case, the total enthalpy of the free-stream is about 20 M J/kg and the density is 1.497 × 10 −6 g/cm 3 . In the present work, energy-equivalent rotational and electron-electronic-vibrational temperatures are adopted to characterize the rotational and electronelectronic-vibrational modes. In figure (a) , in the present calculation, the translational temperature behind the normal shock is about 24, 300 K and the rotational and electron-electronic-vibrational temperatures agree well with the temperatures measured by Sharma and Gillespie. After converging to the equilibrium temperature, where the distance is 0.3 cm, the present temperature is slightly underestimated compared to the AVCO data. However, the present results show more reasonable results for the rotational and vibrational nonequilibrium in the post-normal shock flows than the results of the two-temperature model. In the twotemperature model, the translational-rotational temperature behind the shock is about 21, 000 K and the vibrational temperature is significantly higher than the measured vibrational temperature. In figure (b) , it is shown that the dissociation of N 2 occurs rapidly from 0.1 cm to 0.3 cm in the present calculation. This is because collision of N triggers the dissociation of N 2 much more than the collision of N 2 . The mole fractions of electrons and N + 2 are increased by the associative ionization reactions of N+N, and then N + 2 is slightly decreases due to the charged exchange reaction.
In Fig. 3 , the computed rotational and electron-electronic vibrational temperatures and species molefractions are compared with the shock-tube experiments by Fujita et al. 8 In the shock-tube experiments, air radiation from behind strong shock waves was measured for the N 2 (2+) system using a free-piston doublediaphragm shock tube. The spatial variation of radiation spectra was obtained using spatially resolved imaging spectroscopy at a shock velocity of 11.9 km/sec in the ambient pressure at 0.3 Torr. A series of point wise spectroscopy analysis was carried out in order to obtain a spatial profile of temperatures. In the post-normal shock flow calculations, the freestream conditions are set to the shock-tube experimental conditions. In figure (a) , the rotational and electron-electronic vibrational temperatures of the present calculation are almost identical until the distance of 0.5 cm. Beyond the distance of 0.5 cm, the rotational temperature is slightly higher than the vibrational temperatures and it converges more rapidly to the equilibrium temperature than the electron-electronic vibrational mode. This is because the rotational relaxation is slightly faster than the vibrational relaxation in this temperature range. In comparison with the measured temperatures of figure (b), the present nonequilibrium temperatures are lower. However, the rates of increasing temperature are similar to the measured temperatures. The measured rotational temperatures of N 2 are similar to the vibrational temperatures, and the present calculated rotational temperatures are also close to the electron-electronic-vibrational temperatures. These results show that strong rotational nonequilibrium exists behind the shock wave, and the present thermochemical model can capture this phenomenon. However, in the two-temperature model, even though the calculated vibrational temperature is similar to the measured temperature, the rotational temperature is totally different from the measured rotational temperature. In the mole-factions of figure(c), it is found that the mole fraction of N atoms increases rapidly between the distance of 0.5 cm and 1.0 cm. This means that the rotational and electron-electronic vibrational relaxations occur mainly through N 2 +N collisions. The m ole fractions of N + and E-also rapidly increase between 0.5 cm to 1.0 cm through the associative ionization and charge exchange reactions.
In Fig. 4 , comparisons of the computed rotational and electron-electronic vibrational temperatures and species mole-fractions with the shock-tube experiments by Sakurai et al 9 are presented. In the shock-tube experiment, the CARS method was employed to measure the temperatures of the ground state from the radiation behind the strong shock wave. ND:YAG and dye lasers were used in this method. When these lasers excited the nitrogen molecules behind the shock wave, the CARS signal was collected by a spectrograph. Then, the rotational and vibrational temperatures were estimated using a spectral matching method. In this shock-tube experiment by CARS, the rotational and vibrational temperatures were measured at the shock wave velocity of 7.6 km/sec and ambient pressure of 0.25 Torr. In the present work, the post-normal shock flow calculations are performed for these conditions. In figure (a) , the calculated rotational and electronelectronic-vibrational temperatures rapidly increase behind the shock wave for this relatively high ambient pressure, and these temperatures converge to equilibrium at a distance of about 0.4 cm. In comparing with the measured values, the rotational temperature is almost the same as the measured temperature. However, the electron-electronic-vibrational temperature is larger than the measured value. However, these results show that the present model can still capture the rotational nonequilibrium phenomena behind a strong shock wave. In figure (b) , the mole fractions of the various chemical species are presented. The result shows that the relaxations of the rotational and electron-electronic-vibrational modes are mainly generated by N 2 +N 2 collisions. In Table 2 , initial conditions of several post-normal shock flows are tabulated. The free-stream conditions of cases C1 to C3 are constructed to be similar to the high-speed return conditions at altitudes from 45.5 km to 63.0 km of the Earth. In the present work, the simplification of nitrogen mixtures without oxygen and radiative heating is adopted to calculate the post-normal shock flows. While this is not an accurate re-entry calculation, it is enough to observe the rotational nonequilibrium of N 2 in each re-entry condition.
In Fig. 5 , the temperatures and mole-fractions of the post-normal shock calculations are presented. In the C1 case, the rotational temperature rapidly approaches the translational temperature. Hence, in the C1 case, the rotational mode can be treated as being in equilibrium with the translational energy. This is the main concept of the two-temperature model. However, for the C2 and C3 cases, rotational and vibrational nonequilibrium are clearly seen. In these cases, the rotational and electron-electronic-vibrational relaxations are almost identical. In figure (b) , it is observed that the heavy particle collisions by the dissociated N significantly affect the rotational and electron-electronic-vibrational relaxations of N 2 for the C2 and C3 cases. 
IV. Conclusions
In order to model rotational nonequilibrium, the rotational mode is separated from the translationalrotational modes of the widely-used two-temperature model. Then, the translational, rotational, and electron-electronic-vibrational modes are considered, and each energy mode is represented by a unique nonequilibrium temperatures. The energy transfers among the energy modes are described by recently evaluated relaxation time parameters including rotation-to-vibration energy transitions. For N 2 +N collisions, the internal energy transfer is treated using state-to-state kinetic methods by coupling the system of master equations. One-dimensional flow equations are constructed with these present thermochemical models, and post-normal shock flow calculations are performed for several existing shock-tube experiments and various re-entry conditions. In comparing with measured rotational and vibrational temperatures, it is shown that the calculated rotational and electron-electronic-vibrational temperatures closely agree with the measured temperatures, and the present thermochemical model is able to capture the rotational nonequilibrium phenomena behind a strong shock wave. In the post-normal shock flow calculation for various re-entry conditions, the present thermochemical model can describe both weak and strong rotational nonequilibrium, and illustrates the possibility of rotational nonequilibrium in high-speed re-entry missions.
